Metal artifact; Slice-encoding metal artifact correction and view-angle tilting magnetic resonance; Total hip arthroplasty Abstract Purpose: The aims of this study were (1) to compare the areas of metal-induced artifacts and definition of periprosthetic structures between patients scanned with the sliceencoding metal artifact correction and view-angle tilting (SEMAC-VAT) turbo-spin-echo (TSE) prototype and those scanned with the standard TSE magnetic resonance (MR) sequences and (2) to further clarify the superiority of the SEMAC-VAT MR imaging technique at detecting lesions in patients after total hip arthroplasty (THA), compared with digital radiography (DR). Materials and methods: A total of 38 consecutive patients who underwent THA were referred to MR imaging at our institution. All patients suffered from chronic hip pain postoperatively. Twenty-three patients of the 38 were examined with a 1.5-T MR scanner using a SEMAC-VAT TSE prototype and standard TSE sequence, and the remaining 15 patients were examined with the same 1.5-T MR scanner, but using the SEMAC-VAT TSE prototype only. The traditional DR imaging was also performed for all patients. Two radiologists then independently measured the area of metal-induced artifacts and evaluated the definition of both the acetabular and femoral zones based on a three-point scale. Finally, the positive findings of chronic hip pain after THA based on SEMAC-VAT TSE MR imaging and traditional DR imaging were compared and analysed. Results: The areas of metal-induced artifacts were significantly smaller in the SEMAC-VAT TSE sequences than those in the standard TSE sequences for both the T1-weighted (p < 0.001) and
Introduction
Total hip arthroplasty (THA) is widely performed to treat orthopaedic disorders of the hip joint such as end-stage osteoarthritis, severe fractures (especially for elderly patients) and bone tumours [1] . Although THA can relieve pain, maintain stability and restore activity of the hip joint, it also brings some periprosthetic-associated complications such as periprosthetic bone resorption, periprosthetic fractures and metal implant dislocations [2, 3] , which can cause hip pain to reoccur. Distortion-free magnetic resonance (MR) imaging around the metal has shown the great clinical potential for assessing patients suffering from continuous hip pain after THA.
Traditionally, patients after THA often undergo routine digital radiography (DR) and an additional computed tomography (CT) scan if necessary. As a standard imaging method for evaluating the clinical outcomes of an arthroplasty procedure, DR can clearly show the shape and location of the metal implant and the periprosthetic bone status. However, it has also been reported to have relative low sensitivity and specificity [4, 5] . Moreover, the clinical application of CT is limited by its heavy metal-induced artifacts, high radiation dosage and low resolution of soft tissue [6] . Therefore, the ability to optimally assess individuals after THA has become an imperative goal.
MR imaging has become an important modality for assessing musculoskeletal disorders, especially THA, due to the high sensitivity in detecting soft-tissue lesions and differentiating imaging contrasts [6, 7] . However, its application on routine examinations remains unknown based on the metal-induced artifacts in patients with THA. The predominant form of metal-induced artifacts is signal loss and signal pile-up, which are caused by large resonance frequency variations of the magnetic field [8e11]. These metal-induced artifacts can generally be categorised into two types: in-plane distortions (signal displaced within the plane) and through-plane distortions (signal displaced to other planes) [12] . Recently, view-angle tilting (VAT) and slice-encoding metal artifact correction (SEMAC) MR imaging techniques have been introduced to correct both inplane and through-plane distortions to reduce metalinduced artifacts and to extend the clinical application of MR imaging for assessing patients with metal implants [12, 13] . Previous studies have validated the use of SEMAC-VAT MR imaging to assess patients with THA [14e16]. However, few studies have clarified its superiority at detecting the pathological findings in patients with chronic hip pain after THA, especially with regard to a comparison with the traditional DR imaging.
The purpose of our study was to (1) compare the areas of metal-induced artifacts and definition of periprosthetic structures between patients scanned with a SEMAC-VAT turbo-spin-echo (TSE) prototype and with the standard TSE MR sequences and to (2) further clarify the superiority of the SEMAC-VAT MR imaging technique at detecting the pathological findings of patients with chronic hip pain after THA compared with the traditional DR imaging.
Material and methods

Patients
A total of 38 consecutive patients (12 men and 26 women; mean age: 53.89 AE 13.72; range: 29e80), who underwent THA with titanium alloy (cobaltechromium included) metal-on-metal prostheses, were referred for MR imaging between July 2014 and October 2017 at our institution. Specifically, 29 patients had undergone unilateral THA, and the remaining nine had undergone bilateral THA. Of the 38 patients, 23 were examined with a 1.5-T MR scanner using a SEMAC-VAT TSE prototype and standard TSE sequence. The remaining 15 patients were examined with the same 1.5-T MR scanner but using the SEMAC-VAT TSE prototype only. All patients suffered from chronic hip pain postoperatively for more than 3 months.
MR and DR imaging
The SEMAC-VAT TSE prototype data of all patients were obtained using a 1.5-T MR scanner (MAGNETOM Espree, Siemens Healthcare, Erlangen, Germany) and an eightchannel hip coil. The parameters of the two SEMAC-VAT prototype sequences are given below: Standard TSE sequences were applied to the first 30 cases of postoperative hip joints (23 patients: 10 men and 13 women). These sequences were then eliminated because the resultant images exhibited heavy metal artifacts and, therefore, did not contribute to the diagnosis. However, the standard TSE sequence images constituted a baseline for comparing the artifact reductions of the two SEMAC-VAT prototype sequences. The parameters of the standard TSE sequences are listed below: In addition, all patients underwent a hip joint DR scan with a Kodak DirectView DR7500 digital X-ray machine.
Image analysis
All coronal MR images were first divided into two parts: the acetabular and femoral zones. These zones were divided by a line drawn from the superior margin of the greater trochanter to the superior margin of the lesser trochanter (Fig. 1) . Then, two experienced attending musculoskeletal radiologists (both of whom have worked at our hospital for more than 10 years) independently measured the metalinduced artifact area and evaluated the definitions of both the acetabular and femoral zones based on a threepoint scale (0: severe metal-induced artifacts with no delineation of prosthesis; 1: blurring in periprosthetic structures; and 2: clear delineation of prosthesis with high resolution of periprosthetic structures). Signs related to chronic hip pain after THA in the SEMAC-VAT TSE MR images and traditional DR images were further compared by the two radiologists. When their results were inconsistent, consensus was reached through consultation.
Statistical analysis
All analyses were performed with the SPSS software (IBM SPSS Inc., Chicago, IL, USA). The differences in areas of metal-induced artifacts were assessed by using the Wilcoxon signed-rank test. The differences in qualitative data were also assessed by using the Wilcoxon signed-rank test. Data were shown as the mean AE standard deviation. A p value < 0.05 was considered to be statistically significant. Table 1 summarises the descriptive statistics of the metalinduced artifacts in the coronal images. The areas of metalinduced artifacts were significantly smaller in the SEMAC-VAT TSE sequences than those in the standard TSE sequences for both the T1-weighted (p < 0.001) and T2-weighted TIRM images (p < 0.001). The mean scores were also higher in the SEMAC-VAT sequences than in the standard TSE sequences for both the T1-weighted (p < 0.001) and T2-weighted TIRM (p < 0.001) images (Table 2) . Besides, the mean SEMAC-VAT imaging scores were higher in the femoral zone than in the acetabular zone, for both the T1-weighted (p Z 0.015) and T2-weighted TIRM (p Z 0.002) images (Table 3) .
Results
Moreover, 32 patients (45 cases of postoperative hips) showed a series of positive signs in the SEMAC-VAT images compared with those found in the traditional DR images (SEMAC-VAT/DR Z n 1 /n 2 ). These are summarised as follows: (1) periprosthetic bone resorption (n 1 /n 2 Z 6/2), (2) a synovial-like membrane surrounding the prosthesis (n 1 / n 2 Z 7/2), (3) adverse local tissue reaction (ALTR) (n 1 /n 2 Z 1/ 0), (4) synovitis (n 1 /n 2 Z 3/0), (5) hip muscle atrophy/oedema Figure 1 Coronal image of a patient after THA divided into two parts (i.e., the acetabular and femoral zones) by a line drawn from the superior margin of the greater trochanter to the superior margin of the lesser trochanter. THA Z total hip arthroplasty.
(n 1 /n 2 Z 9/0), (6) synovial hyperplasia (n 1 /n 2 Z 11/0) and (7) osseous stress reaction (OSR) (n 1 /n 2 Z 14/0).
Figs. 2e5 show several cases of periprosthetic bone resorption and synovial-like membrane in the SEMAC-VAT MR images. In general, periprosthetic bone resorption and synovial-like membrane lesions had similar appearances except for the difference in the width of the lesions. The following signs may indicate both lesions: a) In the SEMAC-VAT MR images, both types of lesions appeared to be a line or band surrounding the metal implants with low-to-intermediate signals in the T1-weighted sequences and intermediate-to-high signals in the T2-weighted TIRM sequences depending on the stage of lesions. The line or band was continuous. If the width of the lesion was more than 2 mm, it was diagnosed as bone resorption; otherwise, it was a synovial-like membrane [17] . b) Marrow oedema may also exist. c) In the traditional DR images, both bone resorption and a synovial-like membrane appeared as a continuous radiolucent line or band surrounding the metal implants. It may be easier to observe such signs at an oblique view [18] . Fig. 6 shows ALTR detected in the SEMAC-VAT MR images. A high concentration of metal ions was distributed in the joint fluid. Therefore, a diagnosis can be made if small metal debris is found within a lesion [17,19e21] . ALTR often appeared to be a soft-tissue mass, synovial hypertrophy and marrow or soft-tissue oedema in the MR images, which was hard to distinguish from infective lesions. Fig. 7 shows one case of synovitis detected in the SEMAC-VAT MR images. It may appear as a soft-tissue mass, synovial hyperplasia or exudation. If the mass is close to the synovial tissue of the hip joint, it may be synovial derived. The shape, signal intensity and extent of synovitis varied with the different grades of lesions.
Similar to normal hip MR images, synovial hyperplasia, muscle atrophy and OSR detected in patients after THA showed high signals of the endosteum and marrow cavity and equal signals of the cortex and adjacent soft tissue in the SEMAC-VAT MR images. Periosteal reaction and thickening of the cortex could also be observed.
However, SEMAC-VAT MR failed to diagnose one case of acetabular prosthesis dislocation after THA.
Discussion
With the development of metal implanteimaging techniques, MR is now playing an important role in assessing patients with THA. More recently, distortion-free MR imaging has become one of the most accurate methods in the field of periprosthetic imaging. SEMAC-VAT MR imaging can significantly reduce the areas of metal-induced artifacts, which makes it sensitive to periprosthetic resorption, fractures and lesions derived from soft tissue. In this study, we used SEMAC-VAT MR imaging to assess patients with chronic hip pain after THA and compared the pathological findings with those found in the traditional DR images. Traditional MR imaging is often interrupted by severe metal-induced artifacts resulting from large resonance frequency variations of the magnetic field. The degree of metal-induced artifacts is mainly affected by the type of implanted material, prosthesis design, strength of the static magnetic field, scanning orientation and sequence parameters [22e24]. For traditional MR sequences, a lower magnetic field may reduce metal-induced artifacts. Metalinduced artifacts are smaller for images acquired with a fast spin echo sequence than those acquired with a gradient recalled echo sequence [25e27]. For fatty suppression, images acquired with short T1 inversion recovery sequences have reduced metal-induced artifacts compared with spectral fat saturation sequences [24] . Specific sequential Compared with the SEMAC-VAT MR image, DR underestimated the lesion on the lateral side, and we could hardly tell whether the acetabular radiolucent band in the DR image was caused by bone resorption or osteoporosis. The patient was diagnosed with bone resorption (acetabular zone and lesion on the greater trochanter side) and a synovial-like membrane (lesion on the lesser trochanter side). DR Z digital radiography; MR Z magnetic resonance; SEMAC-VAT Z slice-encoding metal artifact correction and view-angle tilting; THA Z total hip arthroplasty; TIRM Z turbo inversion recovery magnitude. designs such as VAT and SEMAC have been reported to be more efficient in reducing both in-plane and through-plane metal-induced artifacts [12e16, 22,28e30] .
Compared with traditional imaging techniques such as DR, CT and standard MR, SEMAC-VAT MR has many advantages when assessing patients with THA [14e16, 30] . The reduction of metal-induced artifacts and high resolution for soft tissue make it possible to detect abnormal periprosthetic signals for determining periprosthetic bone resorption, synovial-like membranes, soft-tissue mass and infections. In addition, SEMAC-VAT MR images can show lesions from different views to avoid structural overlapping. They can be used to accurately evaluate the area of abnormal tissues, which is helpful when analysing the composition of lesions.
The most common complication detected in our research was OSR. An OSR is a set of positive signs that include bone oedema, soft-tissue oedema, bone cortex thickening and periosteal reaction [31] . The main cause may be the interaction between the host bone and implants. OSR presents similar signs to those of a periprosthetic fracture. The key to differentiating between the two is that the latter shows the above signs with the presence of a fracture line. Surgical reaming and compaction techniques used to prepare the femoral marrow cavity before implantation can also cause periprosthetic signal hyperintensity, which should be differentiated from OSR [17, 31] . Therefore, if a patient has recently received an implantation, care should be taken when making an OSR diagnosis.
In this study, bone resorption lesions appeared as a variety of abnormal signal intensities surrounding the implants in different patients. The signal intensity may be determined by the stage of the lesion, which may contain different histological components such as fat and fibre. In our study, we found six bone resorption cases for the hips (over 47 cases in total), with two cases confirmed by surgery or/and pathology. The signal intensity was more likely to be low for both SEMAC-VAT TSE T1 and T2 TIRM. This may suggest fibre components. A synovial-like membrane appears similar to bone resorption lesions in MR images [32] . Fibrous membrane formation and periprosthetic bone resorption may be qualified by the thickness of the abnormal intense layer: a 2-mm thickness represents the formation of a synoviallike membrane, and a >2-mm thickness (and irregularity) indicates bone resorption [17] .
According to the literature, periprosthetic bone resorption is activated by a number of cytokines, including interleukin-1, interleukin-6 and prostaglandin. The synovial-like membrane is formed by the migration of synovial cells and a variety of cytokines. Those cytokines contain macrophage colony-stimulating factors, tumour necrosis factors and platelet-derived growth factors [32e34], and the synovial-like membrane itself can secrete collagenase and prostaglandin E2 to activate the osteoclasts and cause bone resorption [32e34]. Theoretically, bone resorption may lead to aseptic implant loosening or further prosthetic dislocations [17] , but no previous study has found an association between a synovial-like membrane and aseptic metal implant loosening [17] .
In our research, the SEMAC-VAT MR failed to diagnose one case of acetabular prosthesis dislocation, as shown in Fig. 8 . In this case, the SEMAC-VAT imaging could not clearly reveal the shapes of the acetabular implants or the positional relationship between the acetabulum and femoral head components. This failure was mainly caused by the artifacts around the implants. We believe that the shape made the most significant contribution to the heavy artifacts. Acetabulum components have complex and irregular shapes, which cause heavier metal artifacts, and they are more difficult to reduce [7] . Femoral head components have a regular spherical shape; therefore, we could not apply the frequency coding direction along the long axis because every axis was isometric, which may have reduced the artifacts to a certain extent [7] . These considerations may explain why the femoral zone had a significantly higher subjective score than the acetabular zone.
Our study had several limitations. First, the total scanning time of the SEMAC-VAT TSE prototype sequences was longer than that of the standard TSE sequences, which limits its clinical application for patients who are unwilling to cooperate (especially for the elderly and youth). Second, the sample size of this study was relatively small.
In conclusion, compared with the standard TSE MR imaging, SEMAC-VAT MR imaging significantly reduces metalinduced artifacts and successfully detects positive pathological findings in patients after THA which are missed by traditional DR images.
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